Background {#Sec1}
==========

Hypercholesterolemia is a significant risk factor for cardiovascular disease \[[@CR1]\]. In addition to denovo cholesterol synthesis, cholesterol derived from the dietary and biliary cholesterol absorption also contributes to the amount of cholesterol circulating in plasma \[[@CR2]\]. In fact, the absorption of cholesterol from the intestine is an important determinant of plasma cholesterol levels \[[@CR3]\], those individuals with high absorption rates are hypercholesterolemic and generally have an increased number of cardiovascular events \[[@CR4]\]. Moreover, inhibition of cholesterol intestinal absorption leads to lower cholesterol levels \[[@CR5]\].

Cholesterol absorption in intestine is a multi-step process and this process is mediated by a specific membrane protein named Niemann-Pick C1-like 1 (NPC1L1) protein \[[@CR6]\], which can be specifically inhibited by ezetimibe \[[@CR7]\]. NPC1L1 is highly expressed in the small intestine and it is required for intestinal cholesterol absorption. NPC1L1 knockout mice exhibited an 70% reduction in cholesterol absorption and were resistant to diet-induced hypercholesterolemia \[[@CR6], [@CR8]\]. Furthermore, NPC1L1 has been recently identified as a novel target gene of sterol regulatory element binding protein-2 (SREBP-2) \[[@CR9]\]. There are two putative sterol regulatory elements in the human NPC1L1 promoter and they are essential for mediating the effects of cholesterol on promoter activity \[[@CR9]\].

Bisphenol A (BPA) is a man-made compound highly prevalent in our environment and suspected to act as an endocrine disruptor \[[@CR10]\]. It is intensively produced and used as a monomer of polycarbonate plastics and epoxy resins \[[@CR11]\]. The human population is widely exposed to low levels of BPA, primarily by way of the diet by migration from food and beverage containers \[[@CR11]\]. Biomonitoring surveys have demonstrated that detectable levels of BPA are present in the urine of nearly all sampled adults in U.S. population \[[@CR12]\]. The ability of BPA to cause adverse human health effects is highly documented \[[@CR13]--[@CR15]\]. Many experimental and epidemiological studies highlighted potential links between BPA exposure and the development of cancer and disorders of reproductive, neuroendocrine, and immune systems \[[@CR14], [@CR16]\]. Recent epidemiological and animal studies have suggested that circulating BPA levels are associated with prevalence of coronary heart diseases and a number of cardiovascular risk factors such as hypercholesterolemia \[[@CR17]--[@CR19]\]. Several in vivo studies have shown that BPA exposure increased plasma total cholesterol and low density lipoprotein cholesterol levels \[[@CR20], [@CR21]\]. However, the molecular mechanism underlying the hypercholesterolemic effects are still unknown. Since the intestine plays a major role in maintaining total body cholesterol homeostasis, we, in the present study, addressed a question whether BPA affects the cholesterol absorption in the enterocytes.

Methods {#Sec2}
=======

Reagents {#Sec3}
--------

BPA and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The Dulbecco's modified Eagle's medium (DMEM), M199 medium, heat-inactivated fetal bovine serum (FBS),1% non-essential amino acids, and other materials were purchased from either Invitrogen (Carlsbad, CA, USA) or Sigma-Aldrich (St. Louis, MO, USA). \[^14^C\]cholesterol (50 mCi/mmol) was purchased from American Radiolabeled Chemicals Inc (St. Louis, MO, USA) and NPC1L1 antibody from Santa Cruz (Santa Cruz, CA, USA). cDNA synthesis kit was purchased from Invitrogen Life Technology (Carlsbad, CA, USA) and SYBR Green-based real-time PCR kit was obtained from Applied Biosystems (Foster City, CA,USA). All other chemicals, unless otherwise indicated, were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture and cholesterol absorption assay {#Sec4}
---------------------------------------------

Caco-2 cells were obtained from American Tissue Culture Collection (Virginia, USA) and were cultured in DMEM, containing 10% FBS, 1% penicillin-streptomycin, 2 mM L-glutamate, and 1% non-essential-amino acids to 100% confluence. Before the experiment of cholesterol absorption, the cells were firstly cultured in medium containing the delipidized FBS for 24 h as described \[[@CR22]\]. Then the cells were washed three times with M199 buffer and incubated with fresh medium containing the cholesterol micelles for 2 h. The micellar cholesterol solutions were prepared as in our previous publication \[[@CR22]\]. After incubation, the medium was removed, and the cells were washed three times with ice-cold PBS. The cell pellets were dissolved in 0.1 M NaOH, and an aliquot of 0.1 ml of the lysate was taken for liquid scintillation counting.

Effects of BPA on cholesterol absorption {#Sec5}
----------------------------------------

To investigate the effects of BPA on cholesterol absorption, the cells were pretreated with 0.1--10 nM BPA for 24 h \[[@CR23]\]. After the pretreatment, the medium was removed and the cells were washed three times with ice-cold PBS, followed by incubation with the cholesterol micelles as described above. BPA was delivered to the cells using DMSO solvent, the amount of DMSO added to the cells was not greater than 0.1% (v/v). The cells treated with the equal amount of DMSO alone were taken as controls.

Real-time quantitative PCR {#Sec6}
--------------------------

Methods for RNA extraction and real-time quantitative PCR (qPCR) have been previously described in our previous publications \[[@CR22]\]. The primers used in qPCR to quantify the mRNA of NPC1L1 and SREBP-2 were shown in Table [1](#Tab1){ref-type="table"}. GAPDH was amplified as an internal control.Table 1Primers used in this studyPrimer NameSequenceNPC1L1-F5'-TATG GTCGCCCGAAGCA-3NPC1L1-R5'-TGCGGTTGTTCTGGAA ATACTG-3'SREBP-2-F5'-CAGCAGCCTTTGATATACCAGAATG -3'SREBP-2-R5'- AGGATGTCACCAGGCTTTGGAC -3'GAPDH-F5'-CATGAGAAGTATGACAACAGCCT-3'GAPDH-R5'-AGTCCTTCCACGATACCAAAGT-3'

Western blot analysis {#Sec7}
---------------------

Methods for cell free extract and Western blotting has been previously described \[[@CR22], [@CR24]\]. In brief, 40 μg of proteins in cell lysate was subjected to 7.5% SDS-PAGE and transferred to a nitrocellulose membrane electrophoretically overnight. The membranes were incubated with anti-NPC1L1 antibody (1:5000) and then with second antibody (1:50000) conjugated with horseradish peroxidase. The specific NPC1L1 bands (145 kD) were identified by enhanced chemiluminescence advance reagent. The membranes were then stripped and re-probed with anti-actin antibody.

RNA interference {#Sec8}
----------------

SREBP-2 expression was knocked down by transfection of human SREBP-2 small interfering RNA (siRNA) with Caco-2 cells. A nonrelated, scrambled siRNA was used as a control. Transfection reagent and all siRNA oligos were designed and synthesized by Dharmacon. Transfections were carried out according to the manufacturer's protocol using the DharmaFECT Reagent 4.

Statistical analysis {#Sec9}
--------------------

The results are presented as mean ± S.E.M. Statistical analyses were performed using one-way analysis of variance (ANOVA) followed by the Bonferroni posttest for multiple comparisons. Differences were considered significant at *P* \< 0.05.

Results {#Sec10}
=======

Absorption of cholesterol in Caco-2 cells was mediated by NPC1L1 {#Sec11}
----------------------------------------------------------------

Because the cholesterol absorption in intestine was mediated by NPC1L1 and ezetimibe is a specific inhibitor for NPC1L1, we first examined whether the Caco-2 cells express NPC1L1 and whether cholesterol absorption in Caco-2 cells under the experimental conditions was related to the functions of NPC1L1. As shown in Fig. [1a](#Fig1){ref-type="fig"}, Western blot analysis clearly demonstrated the expression of NPC1L1 protein in these cells. In addition, the cholesterol absorption was dose-dependently inhibited by ezetimibe (Fig. [1b](#Fig1){ref-type="fig"}).Fig. 1Cholesterol absorption by Caco-2 cells is mediated by NPC1L1. **a** The expression of NPC1L1 in Caco-2 cells. The cells were cultured to 100% confluence. The cellular protein was extracted and subjected to Western blot analysis for the expression of NPC1L1 and β-actin. **b** The cells were pretreated with ezetimibe at different concentrations for 2 h and then incubated with radioactive micellar cholesterol for 2 h. The absorption of cholesterol in the absence of ezetimibe was normalized to 100%. Results are mean ± SEM of three separate determinations. \**P* \< 0.05, \*\**P* \< 0.01

BPA promoted cholesterol absorption in Caco-2 cells {#Sec12}
---------------------------------------------------

We then addressed a question whether BPA can promote cholesterol absorption. Caco-2 cells were pretreated with 10 nM BPA for 3 h, 6 h and 24 h or pretreated with different concentrations of BPA for 24 h, then the amount of cholesterol absorption by the cells was then measured. The time-dependent effect of BPA on cholesterol absorption is presented in Fig. [2a](#Fig2){ref-type="fig"}, the results showed that the absorption of \[^14^C\] cholesterol was increased with the treantment time linearly and up to 24 h. Results from concentration dependent stimulation studies with BPA on the cellular absorption of \[^14^C\] cholesterol following 24 h of treatment are presented in Fig. [2b](#Fig2){ref-type="fig"}. As illustrated in this figure, there was no significant change in the cellular absorption of \[^14^C\] cholesterol in the presence of 0.1 nM of BPA (*P* \> 0.05). The stimulatory effect of BPA started at concentrations ≥ 1 nM in a concentration dependent manner. The cellular absorption of cholesterol was significantly higher in the presence of 1 and 10 nM of BPA (*P* \< 0.05) compared to control cells in the absence of BPA.Fig. 2The effect of BPA on micellar cholesterol absorption in Caco-2 cells. **a** Time-dependent effect of BPA on cholesterol absorption in Caco-2 cells. The cells were pretreated with 10 nM BPA for different time, and then incubated with radioactive micellar cholesterol for 2 h. **b** Dose-dependent effect of BPA on cholesterol absorption in Caco-2 cells. The cells were pretreated with BPA at different concentrations for 24 h, and then incubated with radioactive micellar cholesterol for 2 h. The absorption of cholesterol was determined and that in the absence of BPA was taken as 100%. Results are mean ± SEM from triplicate determinations in three separate experiments. \**P* \< 0.05 compared to untreated cells (Control)

BPA promoted NPC1L1 protein and mRNA expression {#Sec13}
-----------------------------------------------

To elucidate the molecular mechanism by which BPA promoted cholesterol absorption in Caco-2 cells, we then further analyzed the impact of BPA on NPC1L1 expression in the intestinal cells. After pretreating the cells with different concentrations of BPA for 24 h, the protein and mRNA expression of NPC1L1 were evaluated by Western blot and real-time PCR, respectively. As shown in Fig. [3a](#Fig3){ref-type="fig"}, pretreatment of the cells with BPA significantly increased NPC1L1 protein expression. No similar changes could be identified for the levels of β-actin. Simultaneously, the mRNA expression of NPC1L1 was dose-dependently increased by BPA, as normalized with that of control gene GAPDH (Fig. [3b](#Fig3){ref-type="fig"}). Furthermore, to address that the stimulatory effect of bisphenol A on cholesterol absorption is solely mediated by NPC1L1, we used NPCIL1 inhibitor ezetimibe to block NPC1L1 and found that the enhanced cholesterol absorption induced by bisphenol A was markedly attenuated (Fig. [3c](#Fig3){ref-type="fig"}).Fig. 3The effect of BPA on NPC1L1 expression in Caco-2 cells. **a** The cells were treated with BPA at different concentrations for 24 h, and the whole-cell lysates were analyzed by Western blot. The results are representative of three independent experiments. **b** NPC1L1 mRNA abundance was determined by real-time RT-PCR as described in Methods. Expression values were normalized to housekeeping genes, and expression in untreated cells was set to 1. Values shown represent means ± SEM of three independent experiments, \**P* \< 0.05, \*\**P* \< 0.01, compared to untreated cells. **c** After the blockade of NPC1L1 expression by ezetimibe(EZE), Caco-2 cells were incubated with BPA for 24 h, then incubated with radioactive micellar cholesterol for additional 2 h. The absorption of cholesterol in the absence of BPA was normalized to 100%. Results are mean ± SEM from triplicate determinations in three separate experiments. \**P* \< 0.05 compared to untreated cell

The SREBP-2 may be involved in the BPA-induced promotion of NPC1L1 expression and cholesterol absorption {#Sec14}
--------------------------------------------------------------------------------------------------------

Since the expression of NPC1L1 is regulated by SREBP-2, we then wanted to know whether SREBP-2 could be involved in our observed NPC1L1 up-regulation. After pretreating the cells with BPA for 24 h, we found that the expression of SREBP-2 was dose-dependently up-regulated (Fig. [4a](#Fig4){ref-type="fig"}). We next examined the effects of the knockdown of SREBP-2 by small interfering RNA transfection on BPA-mediated NPC1L1 expression and cholesterol absorption. When SREBP-2 was suppressed by the specific RNA interference, no effect of BPA on NPC1L1 expression could be detected (Fig. [4b](#Fig4){ref-type="fig"}), and no significant increase of micellar cholesterol absorption by BPA in Caco-2 cells could be identified (Fig. [4c](#Fig4){ref-type="fig"}).Fig. 4The promotion of BPA on NPC1L1 expression and cholesterol absorption may be mediated through SREBP-2. **a** Expression analysis of SREBP-2 in Caco-2 cells after 24 h of stimulation with increasing concentrations of BPA. Data are presented as means ± SEM of three independent experiments. \**P* \< 0.05, \*\*\**P* \< 0.001 compared to untreated cells. **b** Up-regulation of NPC1L1 expression in Caco-2 cells after 24 h incubation with BPA, by transfecting short interfering RNA (siRNA) for SREBP-2 compared with scramble control transfections. Data are presented as means ± SEM of three independent experiments. \**P* \< 0.05 compared to untreated cells. **c** After the inhibition of SREBP-2 expression using siRNA, Caco-2 cells were incubated with BPA for 24 h, then incubated with radioactive micellar cholesterol for additional 2 h. The absorption of cholesterol in the absence of BPA was normalized to 100%. Results are mean ± SEM from triplicate determinations in three separate experiments. \*\**P* \< 0.01 compared to untreated cell

Discussion {#Sec15}
==========

The findings of our present study demonstrate for the first time that BPA at environmentally relevant doses promotes cholesterol absorption in the intestinal cells and the stimulatory effect of BPA is mediated, at least in part, by SREBP-2-NPC1L1 signaling pathway.

BPA is an environmental chemical used as a constituent monomer in polycarbonate plastics, which are used extensively in drinks containers and food packaging, and in the production of oxidants used in the lining of canned goods \[[@CR11]\]. Exposure to BPA is believed to be mainly through dietary intake with additional exposure through water, dental sealants, inhalation of household dusts, and exposure through skin \[[@CR11]\]. A lot of studies have documented widespread human exposure to BPA \[[@CR12]\]. Levels of BPA ranging from 0.3 to 5 ng/mL (\~1--20 nM) are present in adult and fetal human plasma, urine, and breast milk \[[@CR25]\]. BPA, a lipophilic compound, can accumulate in fat, with detectable levels found in 50% of breast adipose tissue samples from women \[[@CR26]\]. BPA expoure has been reported to cause adverse human health effects such as cancer, reproductive, neuroendocrine, and immune systems disorders \[[@CR13], [@CR14], [@CR16]\]. Additionally, several lines of recent evidence suggest that an association between circulating BPA levels and hypercholesterolemia, studies in animals and humans have also shown that BPA exposure increased cholesterol levels in blood \[[@CR19]--[@CR21]\], but the molecular mechanisms underlying the hypercholesterolemic effects of BPA are still unkown. Since the intestine plays a major role in maintaining total body cholesterol homeostasis, and human exposure to BPA is primarily through dietary intake, whether absorption of cholesterol in the enterocytes can be affected by BPA is therefore an important question to be studied. Our results for the first time show that BPA at environmentally relevant doses has stimulatory effects on cholesterol absorption in the intestinal cells. The conclusion is supported by the following evidence. First, the Caco-2 cells used in our experiments expressed NPC1L1 and the absorption of cholesterol in our system was mainly mediated by NPC1L1. Second, pretreatment of the cells with BPA significantly promoted cholesterol absorption, which was accompanied by an increase of NPC1L1 protein and mRNA expression.

Exposure of humans to BPA is ubiquitous at low levels(\~1--20 nM), the dose used in the present study is environmentally relevant and our research may have clinical implication. Several studies have revealed that exposure to environmentally relevant BPA doses could alter various biological functions, including reproductive, behavioral, metabolic, and immune systems \[[@CR16]\]. Hugo et al. has shown that BPA at environmentally relevant doses inhibits the release of a key adipokine that protects humans from metabolic syndrome \[[@CR23]\], which may be one mechanism that is responsible for the metabolic disorders and obesity caused by BPA. Furthermore, our results also potentially suggest a new mechanism that is responsible for the hypercholesterolemic effects of BPA. It is noted that the liver is also important for systemic lipid metabolism and is the primary target organ of BPA. A recent study in mice has shown that BPA exposure significantly increased the expression levels of genes related to lipid synthesis such as HMG-CoA reducase, the key enzyme responsible for cholesterol synthesis in liver \[[@CR27]\]. Take together, there results indicate that BPA can increase the cholesterol levels by two mechanisms, one in the intestine to enhance the absorption via NPC1L1 transporter, and the other in the liver to increase the synthesis by HMG-CoA reducase.

NPC1L1 is a crucial transporter for cholesterol absorption \[[@CR6]\]. Understanding the regulation of its expression is of importance in human health and disease. Recent studies have shown the increase in NPC1L1 expression in hypercholesterolemia associated with diseases such as diabetes mellitus \[[@CR28], [@CR29]\]. Moreover, NPC1L1 inhibition or deficiency was shown to protect against diet-induced hypercholesterolemia and hepatic steatosis \[[@CR30], [@CR31]\]. Since NPC1L1 plays a pivotal role in mediating intestinal cholesterol absorption and the processes of cholesterol homeostasis, we argued that BPA may directly influence its function. In our studies, we found that pretreatment of the cells with BPA significantly increased NPC1L1 mRNA and protein levels, and the changes in cholesterol absorption consistently corresponded to the changes in NPC1L1 mRNA and protein expression. Moreover, to address that the stimulatory effect of bisphenol A on cholesterol absorption is solely mediated by NPC1L1, we further used NPCIL1 inhibitor ezetimibe to block NPC1L1 and found that the enhanced cholesterol absorption induced by bisphenol A was markedly attenuated. These results suggest the mechanism may involve an increase in cholesterol absorption due to a up-regulation of NPC1L1, thus contributing to the hypercholesterolemic effect of BPA.

Regarding the molecular signals regulating the intestinal expression of NPC1L1, we found that expression of the transcription factor SREBP-2 is involved in BPA-induced up-regulation of NPC1L1. It is known that the expression of NPC1L1 is mainly regulated by transcription factor SREBP-2. There are two putative sterol regulatory elements in the human NPC1L1 promoter \[[@CR9]\], and the expression of NPC1L1 gene can be up-regulated by SREBP-2 activation in the intestine \[[@CR9]\]. Moreover, BPA has been found to induce liver SREBP-2 expression in mice \[[@CR20], [@CR32]\]. Thus, we hypothesized that BPA influenced NPC1L1 expression presumably through the SREBP-2-mediated signal transduction pathway. In supporting this hypothesis, when Caco-2 cells were stimulated with BPA, we did find significantly increased expression of the SREBP-2 in the cells, and when SREBP-2 was depleted by siRNA, NPC1L1 expression was no longer increased by BPA, and no increase in micellar cholesterol absorption was observed. Our studies demonstrate that BPA modulates intestinal NPC1L1 expression at both transcriptional and translational regulations and the SREBP-2 transcription factor may be critically involved in such regulations.

Furthermore, with regard to the mechanism by which BPA up-regulated the expression of SREBP-2, the epigenetic regulation may be involved. It is known that promoter methylation levels tend to relate negatively to gene expression. Ke et al. has recently shown that the promoters of SREBP-2 and HMG-CoA reducase were hypomethylated in the BPA-exposed mice, which is very likely to contribute to the promoted transcription of SREBP-2 and its targets. Because DNA methyltransferase knockdown led to the promoter hypomethylation and increased mRNA expression of SREBP-2 and HMG-CoA reducase \[[@CR27]\]. These results indicated that SREBP-2 was up-regulated by BPA via reprogramming the DNA methylation patterns.

Conclusions {#Sec16}
===========

In conclusion, our current results imply a potential role of BPA, at environmentally relevant concentrations that can be detected in vivo, in stimulating intestinal cholesterol absorption and in promoting hypercholesterolaemia. The mechanisms may be involved in SREBP-2 activation and subsequent up-regulation of NPC1L1 expression.
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